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INTRODUCTION 

I n f r a r e d  spec t roscopy is an i m p o r t a n t  and wide ly  used a n a l y t i c a l  t o o l  f o r  d e t e r -  
Most of  t h e  fundamental work on apply ing  mining t h e  s t r u c t u r e  of o r g a n i c  materials. 

t h i s  technique t o  c o a l  c h a r a c t e r i z a t i o n  was performed i n  t h e  1950's 2nd 1960's and 
h a s  been reviewed i n  a number of art icles (1-4). 
major problems. F i r s t ,  c o a l  absorbs  s t r o n g l y  i n  t h e  i n f r a r e d  so t h a t  i n  convent iona l  
d i s p e r s i v e  ins t ruments  on ly  a weak s i g n a l  reaches t h e  d e t e c t o r ,  producing r e l a t i v e l y  
poor s p e c t r a .  Second, t h e  o v e r l a p  and s u p e r p o s i t i o n  of  t h e  a b s o r p t i o n  bands of such 
complex multicomponent systems r e s u l t  i n  s p e c t r a  c o n s i s t i n g  of  broad f e a t u r e s  wi th  
l i t t l e  f i n e  s t r u c t u r e ,  s o  t h a t  on ly  a g e n e r a l ,  mainly q u a l i t a t i v e ,  i d e n t i f i c a t i o n  of 
a few f u n c t i o n a l  groups has  so f a r  been p o s s i b l e .  

These s t u d i e s  were l i m i t e d  by two 

The i n t r o d u c t i o n  of computer ized F o u r i e r  t ransform i n f r a r e d  spec t rometers  opens 
up new p o s s i b i l i t i e s  f o r  t h e  s p e c t r o s c o p i c  c h a r a c t e r i z a t i o n  of c o a l  and c o a l  der ived  
l i q u i d s .  There a r e  s e v e r a l  advantages of  FTIR compared t o  d i s p e r s i v e  ins t ruments ,  
d i s c u s s e d  i n  d e t a i l  i n  a number of  reviews (5-7). E s s e n t i a l l y ,  t h e  u s e  of  an i n t e r -  
fe rometer  r a t h e r  t h a n  a system of g r a t i n g s  and slits r e s u l t s  i n  a h i g h e r  energy 
throughput  to  t h e  d e t e c t o r .  T h i s ,  coupled w i t h  t h e  a b i l i t y  of such i n t e r n a l l y  
c a l i b r a t e d  computer ized systems t o  co-add a l a r g e  number of i n t e r f e r o g r a m s ,  r e s u l t s  
i n  markedly s u p e r i o r  s p e c t r a ,  p a r t i c u l a r l y  i n  t h e  energy l i m i t i n g  s i t u a t i o n s  encount- 
e r e d  i n  coa l  s t u d i e s .  The r e s u l t i n g  m u l t i p l e x e d  spectrum can then be  scale-expanded 
by t h e  computer t o  d i s p l a y  s u b t l e  f e a t u r e s  wi thout  undue i n t e r f e r e n c e  from back- 
ground noise .  However, i n  c o a l  s t u d i e s  i t  h a s  been our  exper ience  t h a t  t h e  most 
s i g n i f i c a n t  r e s u l t s  can be  o b t a i n e d  by apply ing  t h e  types of computer r o u t i n e s  t h a t  
have  r e c e n t l y  become a s s o c i a t e d  w i t h  FTIR, p a r t i c u l a r l y  s p e c t r a l  s u b t r a c t i o n  and 
least  squares  curve  f i t t i n g .  I n  f a c t ,  t h e  f i r s t  a p p l i c a t i o n  of FTIR t o  t h e  charac- 
t e r i z a t i o c  o f  c o a l  i n  t h i s  l a b o r a t o r y  depended more on such computer manipulat ions 
than  on the  enhanced s e n s i t i v i t y  of t h e s e  ins t ruments .  Methods f o r  t h e  complete 
a n a l y s i s  of t h e  major m i n e r a l  components p r e s e n t  i n  c o a l  have been developed (8-11). 
We have a l s o  appl ied  FTIR to a number o f  problems concerning t h e  o r g a n i c  s t r u c t u r e  
o f  c o a l ,  inc luding  s t u d i e s  o f  s o l v e n t  r e f i n e d  c o a l  (12) and t h e  changes t h a t  occur 
upon c a r b o n i z a t i o n  (13) and o x i d a t i o n  (14 , lS) .  In  t h i s  communication w e  w i l l  i n i t i a l l y  
d i s c u s s  t h e  a p p l i c a t i o n  of r e c e n t l y  in t roduced  FTIR computer r o u t i n e s  t o  t h e  quant i -  
t a t i v e  de te rmina t ion  of s p e c i e s  p r e s e n t  i n  c o a l ,  b o t h  i n o r g a n i c  and organic .  
then  conclude by c o n s i d e r i n g  t h e  u t i l i t y  of t h e s e  methods i n  de te rmining  v a r i a t i o n s  
i n  s t r u c t u r e  as  a f u n c t i o n  o f  p o s i t i o n  i n  a seam. 

We w i l l  

RECENT DEVELOPMENTS I N  THE ANALYSIS OF MINERAL MATTER I N  COAL BY FTIR 

Recent  work i n  t h i s  l a b o r a t o r y  has  demonstrated t h a t  FTIR o f f e r s  c o n s i d e r a b l e  
p o t e n t i a l  f o r  q u a n t i t a t i v e l y  de te rmining  t h e  major  minera l  components p r e s e n t  i n  coa l  
or, more p r e c i s e l y ,  p r e s e n t  i n  t h e  low temperature  a s h  (LTA)(8-11). 

E s s e n t i a l l y ,  t h e  procedure c o n s i s t s  of t h e  s u c c e s s i v e  s u b t r a c t i o n  of :he s p e c t r a  
o f  minera l  "s tandards"  from t h e  spectrum of t h e  LTA. A s  t h e  bands o f  t h e  most pre- 
v a l e n t  o r  most h i g h l y  absorb ing  m i n e r a l s  are removed, those  of t h e  weakly absorbing 
or less preva len t  components a r e  r e v e a l e d ,  a l lowing  a more complete and a c c u r a t e  
a n a l y s i s .  It was found t h a t  a l l  major  coxponents ( those  c o n s t i t u t i n g  a t  least 
3-4% by weight)  could b e  de te rmined ,  p r o v i d i n g  t h a t  a p p r o p r i a t e  minera l  "s tandards"  
are a v a i l a b l e .  
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Despi te  t h e  obvious p o t e n t i a l  and advantages o f  t h e  FTIR method, t h e r e  a r e  s t i l l  

This  problem is p a r t i c u l a r l y  a c u t e  i n  t h e  a n a l y s i s  of c l a y s ,  b u t  n o t  one 
major problems. 
s tandards .  
unique t o  FTIR s i n c e  o t h e r  methods a l s o  r e l y  on s t a n d a r d s  f o r  c a l i b r a t i o n  of band and 
l i n e  i n t e n s i t i e s .  
is t h e  compilat ion of an e x t e n s i v e  minera l  l i b r a r y ,  because  s p e c t r a  of t h e s e  m a t e r i a l s  
can be  r o u t i n e l y  and convenient ly  s t o r e d  on d i s k  o r  magnet ic  t a p e  and r e c a l l e d  a t  any 
f u t u r e  t i m e .  
apparent  t h a t  w e  have i n  some r e s p e c t s  s u b s t i t u t e d  one  problem f o r  another .  How do 
w e  choose t h e  "cor rec t"  OK most a p p r o p r i a t e  s t a n d a r d  f o r  a p a r t i c u l a r  a n a l y s i s ?  
example, w e  have k a o l i n i t e  samples from d i f f e r e n t  geographic  l o c a l i t i e s  t h a t  d i f f e r  
s u b t l y  i n  t h e i r  s p e c t r a  accord ing  t o  parameters  such as degree of c r y s t a l l i n i t y .  
F i n a l l y ,  even i f  by l u c k  o r  judgement w e  choose an a p p r o p r i a t e  minera l  spectrum f o r  
a P a r t i c u l a r  a n a l y s i s ,  t h e  accuracy of t h e  FTIR method i s  l i m i t e d  by t h e  e s s e n t i a l l y  
s u b j e c t i v e  judgement of  when bands have been e x a c t l y  s u b t r a c t e d  from a spectrum. 
Such e r r o r s  a r e  n o t  l a r g e  f o r  major components having  s t r o n g  w e l l  r eso lved  bands,  
b u t  can become c r i t i c a l  i n  de te rmining  low c o n c e n t r a t i o n s  o f  c e r t a i n  s p e c i e s .  We 
b e l i e v e  t h a t  the  a p p l i c a t i o n  of l e a s t  s q u a r e s  curve f i t t i n g  programs, f i r s t  descr ibed  
by Koenig and co-workers (16), o f f e r  a t  l e a s t  a p a r t i a l  s o l u t i o n .  

Perhaps t h e  most c r i t i c a l  of  t h e s e  i s  t h e  a v a i l a b i l i t y  of  s u i t a b l e  

One s o l u t i o n  t o  t h i s  problem t h a t  i s  p a r t i c u l a r l y  s u i t e d  t o  FTIR 

We are i n  t h e  process  of  b u i l d i n g  such a l i b r a r y ,  b u t  i t  is a l r e a d y  

For  

The u t i l i t y  of t h e  method is b e s t  i l l u s t r a t e d  by a s imple  example. F i g u r e  1 
compares t h e  FTZR s p e c t r a  of t h r e e  i n d i v i d u a l  c lays .  Also inc luded  i s  t h e  spectrum 
of  a mixture  of t h e s e  t h r e e  c l a y s ,  which (as noted above)  i s  ext remely  d i f f i c u l t  t o  
q u a n t i t a t i v e l y  ana lyze  by o t h e r  methods. The least s q u a r e s  program w a s  then  asked 
t o  f i t  t h e  s p e c t r a  of seven s t a n d a r d s  t o  t h e  spectrum of t h e  mixture .  We d e l i b e r -  
a t e l y  inc luded  s p e c t r a  of  minera l  s t a n d a r d s  t h a t  w e  knew were n o t  conta ined  i n  t h e  
s n y t h e t i c  mixture  i n  o r d e r  t o  test t h e  u t i l i t y  and accuracy  of t h e  procedure.  The 
r e s u l t s  a r e  shown i n  Table  1 and t h e  r e s u l t i n g  "composite" spectrum is  compared t o  
t h a t  of t h e  o r i g i n a l  mix ture  i n  F i g u r e  2. The composi te  spectrum w a s  c o n s t r u c t e d  by 
adding t h e  s p e c t r a  of t h e  components weighted accord ing  t o  t h e  parameters  determined 
i n  t h e  l e a s t  squares  a n a l y s i s .  Not on ly  d i d  t h e  program p i c k  t h e  c o r r e c t  c l a y s  i n  
s p i t e  of  t h e  s imilar i ty  i n  t h e i r  s p e c t r a ,  b u t  a l s o  w a s  a b l e  t o  d i s t i n g u i s h  between 
two k a o l i n i t e s  from d i f f e r e n t  o r i g i n s .  This  l a t t e r  r e s u l t  was somewhat of  a sur -  
p r i s e  because t h e  s p e c t r a  of t h e  two k a o l i n i t e s  are ext remely  s i m i l a r ,  as can be  s e e n  
from Figure  3 ,  d i f f e r i n g  only s l i g h t l y  i n  t h e  r e l a t i v e  i n t e n s i t i e s  of one o r  two 
bands. 
t h e  program a l s o  gave d i r e c t l y  a q u a n t i t a t i v e  measure of t h e  c l a y s  p r e s e n t  t h a t  i s  
i n  very good agreement w i t h  t h e  weighed q u a n t i t i e s .  (This  d i r e c t  measure w a s  pos- 
s i b l e  because w e  normalized a l l  s p e c t r a  by d i v i d i n g  them by a number e q u a l  t o  t h e  
weight of material i n  t h e  KBr p e l l e t . )  The a n a l y s i s  can  b e  improved by then  reject- 
i n g  a l l  components w i t h  minor and n e g a t i v e  c o n t r i b u t i o n s  t o  t h e  f i t .  C l e a r l y ,  i f  w e  
a r e  examining a low temperature  a s h  w e  would then  have t o  check t h a t  w e  were n o t  
e l i m i n a t i n g  a t r u e  minor component by s u b t r a c t i n g  t h e  spectrum of  t h e  major components 
from t h a t  of t h e  a s h  (us ing  t h e  s u b t r a c t i o n  parameters  a l s o  determined by t h e  least  
squares  f i t  program). 

In a d d i t i o n  t o  quick ly  and convenient ly  "picking" t h e  r i g h t  components, 

In apply ing  t h i s  technique t o  t h e  a n a l y s i s  of  an LTA w e  use t h e  least s q u a r e s  
c u r v e - f i t t i n g  procedure t o  f i r s t  p ick  t h e  "best"  s t a n d a r d s  from a given set. As i n  
t h e  a n a l y s i s  of t h e  s imple  mixtures  w e  can t h e n  reject t h o s e  minera l  s p e c t r a  t h a t  
have negat ive  s u b t r a c t i o n  c o e f f i c i e n t s  (but  n o t  n e c e s s a r i l y  those  w i t h  t h e  small 
p o s i t i v e  c o n t r i b u t i o n s )  and r e p e a t  t h e  f i t .  The l e a s t  squares  c o e f f i c i e n t s ,  
(corresponding t o  t h e  s u b t r a c t i o n  parameters )  determined by t h i s  f i n a l  a n a l y s i s  a r e  
then  a q u a n t i t a t i v e  measure of t h e  c o n t r i b u t i o n  o f  each minera l .  F i n a l l y ,  a check 
on t h e  accuracy of  t h e  r e s u l t s  can be obta ined  by s e q u e n t i a l l y  s u b t r a c t i n g  t h e  spec- 
trum of each component. This  ensures  t h a t  minor components have n o t  been inadver-  
t e n t l y  ignored.  

Although t h i s  procedure sounds t e d i o u s ,  t h e s e  t a s k s  a r e  i n  f a c t  performed rou- 
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t i n e l y  and quick ly  by t h e  FTIR mini-computer. A s  an example w e  w i l l  cons ider  t h e  
r e s u l t s  of t h e  a n a l y s i s  of t h e  LTA of an I l l i n o i s  C6 c o a l ,  as presented  i n  Table 2 .  
The percentage  weight  f r a c t i o n  f i g u r e s  were taken d i r e c t l y  from t h e  s o l u t i o n  v e c t o r .  
Two c l a y s  were determined t o  have a n e g a t i v e  c o n t r i b u t i o n ,  one of them t o  our  i n i -  
t i a l  s u r p r i s e  w a s  t h e  I l l i n o i s  k a o l i n i t e .  Our preconcept ions  were t h a t  a n  I l l i n o i s  
k a o l i n i t e  would be  t h e  b e s t  s t a n d a r d s  f o r  a n  a n a l y s i s  of an I l l i n o i s  coa l .  However, 
t h e  fundamental d i f f e r e n c e  i n  t h e s e  two s t a n d a r d s  i s  probably t h e  degree  of  c r y s t a l -  
l i n i t y  (11). Consequent ly ,  t h e  k a o l i n i t e  i n  t h i s  sample appears  t o  have a degree  of 
c y r s t a l l i n i t y  t h a t  is b e t t e r  approximated b y  the  Georgia  k a o l i n i t e .  The least squares  
f i t  w a s  repea ted  a f t e r  t h e  removal of  t h e  I l l i n o i s  k a o l i n i t e  and i l l i t e  s p e c t r a  from 
t h e  ref inement .  These r e s u l t s  are a l s o  p r e s e n t e d  i n  Table  2 where they  are compared 
t o  t h e  r e s u l t s  taken from t r a d i t i o n a l  i n f r a r e d  and x-ray methods. It can be  s e e n  
t h a t  t h e r e  is good agreement f o r  t h o s e  m i n e r a l s  determined by both  techniques.  How- 
e v e r ,  t r a d i t i o n a l  procedures  were not  capable  of a c c u r a t e l y  de te rmining  c l a y s ,  whereas 
t h e  FTIR method does provide  what appears  t o  b e  a r e a s o n a b l e  a n a l y s i s  of t h e s e  mate- 
rials. 

We d i d  not  de te rmine  p y r i t e  by FTIR because t h i s  minera l  does n o t  have absorp t ion  
bands i n  the s p e c t r a l  range (1500-500 cm-l) used i n  t h i s  s tudy .  
r o u t i n e l y  determined by FTIR techniques  i n  t h e  f a r  i n f r a r e d  reg ion  (8). Never the less ,  
t h e  amount of material unaccounted f o r  b y  t h e  FTIR a n a l y s i s  is of t h e  same o r d e r  of 
magnitude as t h e  c o n c e n t r a t i o n  of  p y r i t e  determined by x-ray d i f f r a c t i o n ,  s t r o n g l y  
s u g g e s t i n g  t h a t  by ex tending  t h e  s p e c t r a l  range  of t h e  a n a l y s i s  a complete determin- 
a t i o n  o f  the major minera l  components of  th is  c o a l  is p o s s i b l e .  We b e l i e v e  t h e  po- 
t e n t i a l  of t h i s  and o t h e r  programs ( f a c t o r  a n a l y s i s ,  e t c . )  f o r  s o l v i n g  t h e  problems 
p r e s e n t e d  by t h e  d e t e r m i n a t i o n  of m i n e r a l  m a t t e r  i n  c o a l  are only now b e i n g  r e a l i z e d ,  
b u t  i t  is apparent  t h a t  a good a n a l y s i s  of a l l  major  components can a l r e a d y  be  per- 
formed using FTIR. 

THE QUANTITATIVE DETERMINATION OF HYDROXYL FUNCTIONAL GROUPS I N  COAL 

This  minera l  can be  

We are i n  t h e  process  of deve loping  techniques  t o  q u a n t i t a t i v e l y  determine func- 
t i o n a l  groups p r e s e n t  i n  c o a l .  A s  an example w e  w i l l  c o n s i d e r  t h e  de te rmina t ion  of  
-OH groups. The 0-H s t r e t c h i n g  mode appears  near  3400 cm-' i n  t h e  s p e c t r a  of coa l .  
However, d i r e c t  measurements o f t h e  i n t e n s i t y  of t h i s  band cannot b e  used t o  determine 
such groups. A major problem is t h a t  t h e  a l k a l i  h a l i d e s  used i n  sample p r e p a r a t i o n  
absorb water ,  which absorbs  s t r o n g l y  i n  t h i s  s p e c t r a l  range.  
water appear  t o  be i n  a bound s ta te  s i n c e  i t  has  been r e p o r t e d  t h a t  h e a t i n g  t o  about  
300'C is requi red  f o r  complete removal. 
water  i n  amounts t h a t  appear  t o  vary  accord ing  t o  rank  and o t h e r  parameters .  Fin- 
a l l y ,  t h e  success  of apply ing  s p e c t r a l  s u b t r a c t i o n  and o t h e r  procedures  a s s o c i a t e d  
w i t h  FTIR l e a d s  us t o  b e l i e v e  t h a t  t h e  b e s t  method f o r  de te rmining  f u n c t i o n a l  groups,  
p a r t i c u l a r l y  t h o s e  c o n t a i n i n g  oxygen, w i l l  prove t o  be a combination of chemical  
and FTIR procedures .  For example, t h e  i n f r a r e d  spectrum of  a c o a l  from Arizona is 
compared to  t h e  spectrum of t h e  same sample subsequent  t o  a c e t y l a t i o n  i n  F igure  4. 
Bands due t o  acetyl groups are c l e a r l y  v i s i b l e  b u t  i t  would be  a d i f f i c u l t  t a s k  t o  
use  t h e s e  bands t o  de te rmine  t h e  number of a c e t y l  groups in t roduced  and hence t h e  
number of 0-H groups t h a t  have  been r e a c t e d .  Although s u i t a b l e  model compounds a r e  
a v a i l a b l e  t o  o b t a i n  t h e  e x t i n c t i o n  c o e f f i c i e n t s  of t h e  c h a r a c t e r i s t i c  C=O,  CH 
C-0 bands n e a r  1765, 1370 and 1200 cm-1 r e s p e c t i v e l y ,  t h e r e  i s  a major  problem i n  
measuring t h e  i n t e n s i t y  of  t h e s e  bands us ing  t r a d i t i o n a l  i n f r a r e d  methods because of 
o v e r l a p  with t h e  a b s o r p t i o n  bands of t h e  coa l .  However, wi th  FTIR w e  can  s u b t r a c t  
t h e  spectrum of  t h e  unreac ted  material from t h a t  of the  r e a c t e d  t o  g i v e  t h e  d i f f e r e n c e  
spectrum a l s o  shown i n  F igure  4. 
a r e  now r e l a t i v e l y  w e l l  r e s o l v e d  and it is a s t r a i g h t f o r w a r d  task  t o  draw an appro- 
p r i a t e  b a s e l i n e  and measure peak h e i g h t s  o r  even make i n t e g r a t e d  absorp t ion  measure- 
ments. A p l o t  of peak h e i g h t s  vs .  c o n c e n t r a t i o n  of c o a l  i n  t h e  KEir p e l l e t  i s  shown 
i n  F i g u r e  5 .  The s l o p e  of t h e s e  l i n e s  i s e q u a l  t o  t h e  e x t i n c t i o n  c o e f f i c i e n t  of t h e  

Some of t h e  absorbed 

Furthermore,  c o a l s  a l s o  c o n t a i n  absorbed 

and 3 

It can b e  seen  t h a t  t h e  c h a r a c t e r i s t i c  a c e t y l  bands 



a c e t y l  absorp t ion  under c o n s i d e r a t i o n  m u l t i p l i e d  by t h e  c o n c e n t r a t i o n  of such  groups 
i n  t h e  coa l .  
techniques.  
s tudy  i n  de te rmining  t h e  c o n c e n t r a t i o n  OH groups i n  o t h e r  c o a l s .  

This  lat ter parameter  has  been determined by measurements u s i n g  o t h e r  
Consequent ly ,  t h i s  c a l i b r a t i o n  a l lows  us t o  u s e  t h e  r e s u l t s  of t h i s  

Acety la t ion  u s u a l l y  only'allows a de termina t ion  of t o t a l  OH c o n t e n t  and does n o t  
a l low a d i s c r i m i n a t i o n  between phenol ic  and a l k y l  OH groups. 
these  two types  of f u n c t i o n a l  groups can b e  d i s t i n g u i s h e d .  
groups l e a d s  t o  ester format ion;  

However, u s i n g  FTIR 
A c e t y l a t i o n  of coa l  OH 

e 
COAL - OH + CH3COOH + COAL - 0 - C - CH3 

Alkyl  esters normally absorb  between 1720 and 1740 cm-'. However, when an 
e l e c t r o n  withdrawing group such  as an a romat ic  e n t i t y  is a t t a c h e d  t o ' t h e  s i n g l e  bonded 
oxygen t h i s  band is s h i f t e d  t o  about  1770 c m - l .  
i n  t h e  d i f f e r e n c e  spectrum shown i n  F igure  4 can t h e r e f o r e  b e  ass igned  t o  a c e t y l  
groups t h a t  have r e a c t e d  wi th  p h e n o l i c  OH, whi le  t h e  weaker s h o u l d e r  near  1 7 2 5  cm-l 
can be  ass igned  t o  a c e t y l  groups t h a t  have r e a c t e d  w i t h  a l k y l  OH groups.  
s e n t l y  i n v e s t i g a t i n g  t h e  u s e  of  least s q u a r e s  curve  r e s o l v i n g  techniques  i n  o r d e r  to  
o b t a i n  a measure of t h e  r e l a t i v e  p r o p o r t i o n s  of  t h e s e  groups ,  b u t  t h e  p o t e n t i a l  f o r  
making such measurements i s  c l e a r l y  outs tanding .  

The s t r o n g  a b s o r p t i o n  n e a r  1765 cm-l 

We a r e  pre-  

VARIATIONS ON A SEAM 

The v a r i a t i o n  i n  c o a l  composi t ion accord ing  t o  p o s i t i o n  i n  a seam is a problem 
n o t  on ly  i n  t h e  use of t h i s  f u e l  i n  conversion processes  b u t  a l s o  i n  fundamental 
r e s e a r c h  aimed a t  t h e  e l u c i d a t i o n  of s t r u c t u r e .  FTIR i s  p a r t i c u l a r l y  s e n s i t i v e  t o  
small d i f f e r e n c e s  i n  m a t e r i a l s  through t h e  use of s p e c t r a l  s u b t r a c t i o n  and o t h e r  
computer r o u t i n e s .  We have r e c e n t l y  examined channel  samples a long  an e x p l o r a t i o n  
a d i t  through a Canadian coking c o a l  (14). It w a s  determined t h a t  samples from t h e  
mouth and end of t h e  a d i t  showed e x t e n s i v e  o x i d a t i o n ,  as measured by f r e e  s w e l l i n g  
index ,  whi le  samples from n e a r  t h e  c e n t e r  showed lower degrees  of o x i d a t i o n  and s t i l l  
had good coking p r o p e r t i e s .  
are shown i n  F igure  6. The s p e c t r a  are s i m i l a r  an t h e  only  d i s c e r n a b l e  d i f f e r e n c e  
involves  the  i n t e n s i t y  o f  a shoulder  n e a r  1690 cm- , which h a s  a minimum n e a r  t h e  
c e n t e r  of  t h e  seam. W e  s u b t r a c t e d  t h e  spectrum of a sample from t h e  c e n t e r  of t h e  
a d i t  (70 f t )  from t h e  s p e c t r a  of samples n e a r  t h e  extremities i n  o r d e r  t o  d e t e c t  i n  
more d e t a i l  t h e  chemical  d i f f e r e n c e s .  S c a l e  expanded d i f f e r e n c e  s p e c t r a  obta ined  by 
s u b t r a c t i n g  t h e  spectrum of t h e  70 f t  s t a t i o n  from t h a t  of t h e  30 f t  and 40 f t  s t a t i o n s  
and t h e  110 f t  and 125 f t  s t a t i o n s  are shown i n  F igure  7. These s t a t i o n s  r e p r e s e n t  
t h e  c e n t e r ,  mouth and end of t h e  a d i t  r e s p e c t i v e l y .  It is apparent  t h a t  t h e r e  are 
f o u r  prominent bands i n  t h e  1500 and 1800 cm-l  r e g i o n  of  t h e  spectrum. 
ments are l i s t e d  i n  Table  3. Perhaps t h e  most s u r p r i s i n g  i s  t h e  presence  of  a s t r o n g  
band n e a r  1585 cm-l c h a r a c t e r i s t i c  of a COO- group. 

The i n f r a r e d  s p e c t r a  o f  s e v e r a l  s t a t i o n s  a long  t h e  a d i t  

1 .  

Band ass ign-  

These r e s u l t s  suggested t h a t  carbonyl  and carboxyl  groups were t h e  major products  
of o x i d a t i o n  and t h e  p r i n c i p a l  d i f f e r e n c e  i n  t h e s e  samples ,  accord ing  t o  p o s i t i o n  i n  
t h e  seam. This  i n t e r p r e t a t i o n  is i n  disagreement  w i t h  o t h e r  o x i d a t i o n  s t u d i e s  which 
have r e l i e d  on chemical  methods t o  de te rmine  groups formed upon o x i d a t i o n .  However, 
t h e s e  l a t t e r  s t u d i e s  have u s u a l l y  involved  o x i d a t i o n  of a sample under l a b o r a t o r y  
condi t ions .  There is t h e  p o s s i b i l i t y  t h a t  t h e  C=O groups d e t e c t e d  i n  t h i s  FTIR s t u d y  
were due t o  some s o r t  of n a t u r a l  v a r i a b i l i t y .  Consequent ly ,  w e  a p p l i e d  FTIR t o  t h e  
c h a r a c t e r i z a t i o n  o f  c o a l  ox id ized  i n  t h e  l a b o r a t o r y .  The i n f r a r e d  spectrum of  an unoxi- 
d ized  c o a l  is compared t o  t h e  spectrum of t h e  same sample oxid ized  f o r  a s h o r t  t i m e  a t  
e l e v a t e d  temperature  (about  150°C) i n  F igure  8. It can  be  s e e n  t h a t  t h e  major d i f f e r -  
ence i n  t h e  two s p e c t r a  i s  t h e  appearance of a shoulder  n e a r  1695 cm-l i n  t h e  spectrum of 
t h e  oxidized sample. F igure  8 a l s o  shows t h e  d i f f e r e n c e  spectrum obta ined  by s u b t r a c t i n g  
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t h e  spectrum of t h e  unoxidized sample from t h a t  of t h e  ox id ized .  The c r i t e r i a  used 
t o  determine t h e  "co r rec t "  degree of s u b t r a c t i o n  was t h e  e l i m i n a t i o n  of t h e  k a o l i n i t e  
bands a t  1035 and 1010 cm-l, s i n c e  t h i s  c l a y  should be r e l a t i v e l y  una f fec t ed  by low- 
t empera tu re  oxida t ion .  It can b e  seen t h a t  t h i s  s u b t r a c t i o n  r e s u l t s  i n  t h e  el imina-  
t i o n  of t h e  a romat i c  C-H s t r e t c h i n g  mode nea r  3050 cm-l and t h e  a romat i c  C-H out-of- 
p l ane  bending mode between 700 and 900 cm-'. 
o x i d a t i v e  a t t a c k  of t h e  a romat i c  n u c l e i  is u n l i k e l y  under t h e  o x i d a t i o n  cond i t ions  
used i n  this s t u d y  and confirms t h e  c h o i c e  of k a o l i n i t e  bands as a s u b t r a c t i o n  
s tandard .  

This is t o  be expected i n  t h a t  d i r e c t  

In c o n t r a s t  t o  t h e  a romat i c  C-H b a n d s ,  t h e  a l i p h a t i c  C-H s t r e t c h i n g  modes nea r  
2900 cm-l appear n e g a t i v e ,  o r  below t h e  b a s e l i n e ,  demonstrat ing a l o s s  i n  CH2 groups 
upon oxida t ion .  This o b s e r v a t i o n  is  n o t  p a r t i c u l a r l y  nove l ,  a s  methylene groups i n  
t h e  benzy l i c  p o s i t i o n  a r e  we l l  known t o  be  s e n s i t i v e  t o  ox ida t ion  and a r e  probably 
t h e  i n i t i a l  s i t e  of o x i d a t i v e  a t t a c k .  However, the  d i f f e r e n c e  spectrum r e v e a l s  new 
d e t a i l  i n  the 1700 t o  1500 cm-I r eg ion  of the  spectrum. The 1695 cm-l band, which 
appeared as a weak shou lde r  i n  t h e  o r i g i n a l  spectrum of t h e  ox id ized  c o a l ,  f" now re- 
so lved  as  a s e p a r a t e  band. Furthermore,  a prominent new band nea r  1575 cm- i s  now 
r evea led  i n  t h e  d i f f e r e n c e  spectrum. T h i s  band is not  d e t e c t a b l e  i n  t h e  o r i g i n a l  
spectrum. The 1695 cm-l abso rp t ion  is probably due t o  an a r y l  a l k y l  ketone wh i l e  
t h e  1575 cm-l mode can b e  a s s igned  t o  a n  ion ized  carboxyl  group COO-. 
t h i s  i n i t i a l  s t a g e  of t h e  o x i d a t i o n  t h e s e  bands r ep resen t  t h e  major p roduc t s  of 
o x i d a t i o n .  
ence spectrum could p o s s i b l e  be  due t o  C-0 bonds,  a s  i n  phenols  o r  e t h e r s ,  b u t  we 
wculd be hard p re s sed  t o  i d e n t i f y  any s e p a r a t e l y  r e so lved  bands a s s i g n a b l e  t o  func- 
t i o n a l  g r o u p s  of t h i s  type. N e v e r t h e l e s s ,  bands t h a t  can be  a s s igned  t o  such groups 
do appea r  a t  h i g h e r  l e v e l s  of o x i d a t i o n .  
spectrum of a c o a l  sample,' ox id i zed  t o  g ive  6 .  7% oxygen uptake ,  to t h e  spectrum of 
the  unoxidized sample. The d i f f e r e n c e  spectrum, ob ta ined  us ing  t h e  same s u b t r a c t i o n  
c r i t e r i a  desc r ibed  above, i s  a l s o  shown i n  t h i s  f i g u r e .  A prominent d i f f e r e n c e  band 
can now be  observed n e a r  1200 CUI-1 bands.  
can now be reso lved .  This  band can be  a s s i g n e d  t o  an e s t e r  ( s e e  T a b l e  3 ) .  

C l e a r l y ,  a t  

Weak, broad r e s i d u a l  abso rp t ion  between 1200 and 1300 cm-l in t h e  d i f f e r -  

For example, F igu re  9 compares . t he  i n f r a r e d  

In a d d i t i o n ,  a weak shou lde r  n e a r  1765 cm-1 

These s p e c t r a l  changes c l o s e l y  p a r a l l e l  t hose  observed i n  a p rev ious  s t u d y  of the  
v a r i a t i o n  i n  o x i d a t i o n  of c o a l  acco rd ing  t o  p o s i t i o n  i n  a seam, d i scussed  above. 
Consequently,  t h e  formation of  ca rbony l  and carboxyl  groups i s  appa ren t ly  a g e n e r a l  
phenomenon d u r i n g  oxida t ion .  This conclusion c o n t r a d i c t s  t h e  r e s u l t s  of some chemical 
methods Of c h a r a c t e r i z i n g  o x i d a t i o n  p r o d u c t s ,  where no change i n  carboxyl  o r  carbonyl  
conten t  was d e t e c t e d  and i t  was proposed t h a t  e t h e r  c r o s s  l i n k s  a r e  c e n t r a l  t o  l o s s  
of swe l l ing  behav io r .  

CONCLUSIONS 

The r e s u l t s  reviewed above c l e a r l y  demonstrate  t h e  p o t e n t i a l  of FTIR f o r  i n v e s t i -  
g a t i n g  coa l  s t r u c t u r e .  
t r a l  s u b t r a c t i o n  methods i t  i s  p o s s i b l e  t o  q u a n t i t a t i v e l y  determine t h e  major  mine ra l  
s p e c i e s  present  i n  a c o a l .  
o r g a n i c  s t r u c t u r e .  
hydroxyl  f u n c t i o n a l  groups and t h e  formation of carbonyl  and carboxyl  groups during 
oxida t  ion.  

By app ly ing  a l e a s t  squa res  curve f i t t i n g  program and spec- 

These methods are a l s o  a s e n s i t i v e  probe of changes i n  
We have i l l u s t r a t e d  t h e i r  a p p l i c a t i o n  t o  t h e  de t e rmina t ion  of  
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TABLE 1 

ANALYSIS OF XIYERAL MIXTURE BY LEAST SQUARES FTIR. 

Mineral 

Kaol ini te  ( I l l i n o i s )  

Kaol ini te  (Georgia) 

I l l i te 

Montmorillonite 

Mica/Montnorillonite 

Quartz 

Calcite 

W t .  
Fract ion As 
Prepared (%) 

50 

0 

0 

25 

25 

0 

0 

I n i t i a l  
Least  Squares 
FTIR h a l v s i s  

47 

-0.3 

3 

31 

29 

-9 

-0.2 

F ina l  
Least Squares 
FTIR Analysis 

46 

0 

0 

24 

30 

0 

0 
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TABLE 2 

ANALYSIS OF LON TEX'EIWTUFE A S 3  

(ILLI?IOIS e6 COAL, 'ROLTD R O B I N '  SAHPLE) 

W t .  Fraction W t .  Fraction Bt. Fraction 
By FTIR By F T I R  By X-ray 

Least Squares Least Squares And Conventional 
P.nalysis 2 I R  Nethods Z Analysis I -- ~ 

Mineral 

Kaolinit e ( I l l i n o i s )  

Kaolinite (Georgia) 

Quartz 

Calcite 

-12 

20 

0 

13 
1 3 . 5  1 

2 4  25 20 

6 7 6 

Pyrite N f D  N I D  20 

Montmorillonite 

b1ical!.!ontmorilloni t e  

21 18 

16 9 

1 

j N / D  I 

I l l i t e  -6 1 1 
72% 59 .5% 

287: LO.  5:: 

- 697: - TOTAL 

L7IACCOm!TED FOR 31% - - 
N / D  - not dererminea. 

I " ~ l " ' l " ' l " ' l J ~  

1 q00 12@@ 1000 800 600 c--' 

Figure 1: Scale expanded FTIR spectra i n  the range 500-1500 cm-' of three 
clays,  mica-montmorillonite, montmorillonite and kaolinite.  The 
spectrum shown a t  the  top i s  tha t  of 1:1:2 mixture by weight of 
the three clays respectively.  52 



TABLE 3 - 
BAND ASSIGNMENTS FOR THE INFRARED SPECTRA OF-COALS 

ALIPHATIC AND AROMATIC OXYGEN CONTAINING 
GROUPS FUNCTIONAL GROUPS 

Wave Number ASSIGNKENT Wave Numher Assignment 
-1 

cm-' cm 

3300 Hydrogen Bonded 

1030 Aromatic C-il 

2950 sh 

2920 1 ( Al ipha t i c  -CH 

2850 1 CHZ and CH3 

CH3 

1600 

1490 sh 

1450 

1375 

Aromatic Ring 
S t r e t ch  

1560-1590 Carboxyl group i n  S a l t  
Form -COO 

Aromatic Ring 
S t r e t ch  

CH and CH Bend 
Po&ibi l i t :  of Some 
Aromatic Ring Hodrs 

CH Groups 

1835 C - 0,  Anhydride 

1775-1765 C - 0,  Es te r  with Eleceron 
withdrawing group a t t ached  
to s i n g l e  bonded oxygen 

A r  - 0 - C - R 8 
1735 C - 0,  Es te r  

1690-1720 C * 0,  Ketone, Aldehyde 
and, -COOH 

C - 0 Highly Conjugated 

eg A r  - C - A s  

1650-1630 
0 
I I  

Approx. 1600 Hlghly Conjugaced 
Hydrogen Bonded C - 0 

1330 co 1110 C-0 Screech and 
0-H Bend i n  Phenoxy 
S t r u c t u r e s ,  Ethers. 

1100-1000 Al ipha t i c  Ethers .  
Alcohols. 

900-700 Aromatic C-H out-of-plane 
bending modes 

860 I so la t ed  Aromatic H 

833 (Weak) l,i Subst i tueed 
AroLaric Groups 

815 I so la t ed  H and/ 
or  2 Neighboring H 

750 1.2 Subs t i t u t ed  
i e  4 Neighboring H 
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Figure 2: Scale expanded FTIR spectra in the range 500-1500 cm-'. 

Top: 

Bottom: Composite spectrum synthesized from the least squares 

Mineral mixture of micalmootmorillonite, montmorillonite 
and kaolinite (1:l:Z by veight). 

fitting program. 

1 ' " 1 " ' 1 " ' 1 ' " ' "  
1'400 1200 1000 80D 600 

Figure 3: FTIR spectra in the range 500-1500 cm-' of kaolinite standards 

Top: Illinois. 
Bottom: Georgia. 
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Figure  4 :  Top: FTIR Spectrum of  a c e t y l a t e d  c o a l  
Middle: FTIR spectrum of o r i g i n a l  coal (PSOC 
Bottom: D i f f e r e n c e  spectrum 

40 

30 

; 2c 
e 
2 a 
0 

1c 

wt. of coal in pellet mg. 

312) 

F igure  5: P l o t  of  peak h e i g h t  of 1765; 1370 o r  1195 cm-I bands vs. concent ra t ion  
of c o a l  i n  KBr p e l l e t .  (Measurements made on d i f f e r e n c e  s p e c t r a )  
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Figure  6: I n f r a r e d  s p e c t r a  o f  s e l e c t e d  c o a l  samples from s t a t i o n s  a long  t h e  seam. 

1610 

16 

1690 

,I 1585 

700 c d l  1900 

Figure  7 :  D i f f e r e n c e  s p e c t r a  o b t a i n e d  by s u b t r a c t i n g  spectrum of  c o a l  from 70 f t .  
s t a t i o n  from s p e c t r a  of  c o a l s  from A 30 f t . ,  B. 40 f t . ,  C. 110 f t . ,  
and D. 125 ft. 
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, . 700 rm-1 3800 

Figure 8 :  FTIR spectra i n  the range 700-3800 cm-l. 
A. 
B. Unoxidized coal.  

Coal sample s l i g h t l y  oxidized a t  15O'C. 

A-B. Difference spectrum. 

1800 700 ern-1 

Figure 9 :  FTIR spectra in  the range 700-3800 cm-l. 
A. Oxidized coal ( 6 . 7 %  O2 uptake). 
B. Unoxidized coal.  

A-B. Difference spectrum. 
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